Paper mulberry bark has been used as the raw material to make a form of paper since AD 100 in China (Lewington, 1990) . At that time, paper mulberry fibers were needed to write Buddhist scriptures. It is also known that people used handmade mulberry paper as currency (Xiao, 2001) . At present, this traditional papermaking exists in many countries and has been developed on an industrial scale. Among the huge range of available materials for papermaking, the bark of paper mulberry (Broussonetia papyrifera and B. kazinoki) is the finest, because it produces a soft, strong paper with excellent texture (Kobayashi, 2001) . With a rapid increase in demand for the bark of paper mulberry, large scale harvesting is being carried out with little or no proper management, resulting in the destruction of good growing areas. In an effort to try to correct the problem, paper manufacturers have themselves attempted to grow the tree, but to no avail. In Thailand, paper mulberry stands are distributed all over the country. Because they are mostly grown in protected areas, there are conflicts between villagers and foresters about paper mulberry harvesting. In this study, the growth of paper mulberry was investigated in terms of provenances and species. Growing conditions, such as site and spacing, were also examined to discover a combination that will provide a high and sustainable yield.
increase the amount of raw material available for paper manufacturing, but can also help to decrease forest reliance and forest degradation. This study aims to find a production method for good quality paper mulberry by determining good varieties or clones at proper sites. Suitable silvicultural practice and appropriate management will decrease the harvesting of natural stands in conservation areas.
MATERIALS AND METHODS

Study sites
The study sites were divided into three parts for the three different experiments: provenance trial, species trial and spacing trial. These three factors are the important factors in a silvicultural system.
The experiment plots for the provenance trial were located in 8 provinces all over Thailand: Lampang and Phrae provinces in the northern part, Khon Kaen and Loei provinces in the northeastern part, Trat province in the eastern part, Kanchanaburi province in the west, Chachoengsao province in the center and Prachuap Khiri Khan province in the southern part of Thailand. The elevation of the study areas ranged between 5 to 470 m a.s.l. The lowest mean annual precipitation was 1,022 mm-1yr in Prachuap Khiri Khan, while the highest was 3,619 mm/yr in Trat ( Table 1 ). The experimental design was RCBD (Randomized Complete Block Design) with 5 treatments (provenances: A, B, C, D and E) in 3 replicates. The size of each replication block was 10 x 20 m. Treatment A was Sukhothai provenance (SS), B was Udon Thani provenance (UN), C was Nan provenance (NN), D was Ratchaburi provenance (RT) and E was Kozo, imported from Japan (KZ; B. Kazinoki). SS, UN, NN and RT were selected from the plus trees of paper mulberry all over Thailand as David (1962) concluded in his study, the phenotype from an outstandingly good tree found in the wild population, has direct relationship to the quality of its genotype. SS and NN represented paper mulberry in the northern part, UN represented paper mulberry in the northeastern part, and RT represented paper mulberry in the western part of Thailand. KZ was paper mulberry collected from Japan, where hand-papermaking is very famous (Japanese Washi). Paper mulberry seedlings from five provenances were planted on all sites in May 1999. The spacing used in this experiment was 2x4 m of paper mulberry intercropped with three rows of pineapple (Ananas comosus). The sites were weeded 3 times in July, September and March. One-year old paper mulberry trees were harvested in early June 2000. Then, the coppices were harvested twice at 6 and 12 months after the first harvesting.
Soil samples were collected before and after planting in every site. From each site, both undisturbed and disturbed soil samples were collected. The undisturbed soil cores were collected from the soil profile surveying pits using 100 cc-soil cores at 0 and 20 cm depth for three phase analysis, bulk density and hydraulic conductivity measurement. For soil chemical characterization, soil samples were collected from each site (disturbed soil from three pits was mixed together and prepared as one sample/replicate) to analyze pH, EC, CEC, exchangeable cations (Ca, Mg, Na, K, Al and H), total carbon (T-C), total nitrogen (T-N), base saturation percentage (BS) and available phosphorus (Av. P). The pH value was measured with a pH meter using a soil solution ratio of 1:5 after shaking for 1 hour. Total carbon and nitrogen were determined using a dry combustion method with a NC-Analyzer (Sumigraph NC-80). Soil samples were extracted twice with 1 M-ammonium acetate at pH 7 (Peech, 1945; Pratt, 1965) and the exchangeable cations (Ca, Mg, Na and K) were determined by an atomic absorption spectrophotometer (AA). Al and H were extracted with 1 M KCl, then titrated with 0.01 M NaOH and 0.01 M HCl. Available phosphorus content was carried out using the Bray II method (Bray and Kurtz, 1945) , where soil samples were extracted with an extracting solution (1 N NH 4 F and 0.5 N HCl). Then, a color developing reagent was added and the available P was determined by absorbance measurement with a spectrophotometer at 710 nm. Soil texture was analyzed using the pipette method (Kilmer and Alexander, 1949; Day, 1965) . In addition, the mortality rate was measured after planting, then total height (H) and diameter at soil surface (D 0 ) of paper mulberry trees were measured every four months.
Data from all sites were combined and analyzed for differences in survival, growth and yield. ANOVA was used to test overall difference and further mean comparison was made using Tukey-Kramer HSD at 0.05 significance level.Figure1,Table1
Species trial
The success of plantations in the tropics depends on selecting the appropriate species for a site. Moreover, the timing of annual shoot growth differs with species, climate at the site and provenances (Laatsch, 1954; Evans, 1999; ) . Since the quality stems as early as the first year after planting. Stems and branches of B. kazinoki were relatively thinner and softer than those of B. papyrifera and they often bend toward the ground. On the other hand, B. papyrifera maintains only one main stem before the first cutting and its shape is straight and relatively rigid (Tajima et al., 2001) . A study site was set in Wiang Sa district, Nan province. Two species of paper mulberry Broussonetia papyrifera (L.) vent and B. kazinoki Sieb (Paul and Sandra, 1991) were planted in a 0.16 ha (1,600 m 2 ) plot each in August 1998. Due to site restriction, we could not make a replicate site. The spacing was 2x1 m and plant density was 800 plants/plot. Survival rate, growth rate (H and D 0 ) and biomass were recorded.
Spacing trial
The most appropriate initial spacing of plants has recently been the subject of much debate and should be guided by the objectives of the planting schemes and the nature of the site to be planted (Kerr, 1993) . However, many planting schemes are governed by financial considerations and the constraints of grants available (Harmer and Kerr, 1995) . Therefore, we selected the study site in Wang chin district, Phrae province, which is famous for paper mulberry bark production in 
RESULTS AND DISCUSSION
Site selection and provenance trial
The survival rate, growth rate and biomass of paper mulberry of eight sites varied among the sites and provenances, in agreement with Peter's (1996) hypothesis that the local distribution pattern of most species are limited by certain physical or biotic factors of the environment such as temperature, moisture, light, pH, soil quality, salinity and water current.
Similarly, Assmann (1970) found that tree growth and branching were determined partly by its genome, but mostly by its interactions with the environment. In other words, the growth of such a tree was self-organized and its shape was an emergent property of the tree-environment system. After planting, the average survival rate of UN provenance was 72.5 %, higher than the other provenances of B. papyrifera, but less than KZ (B. kazinoki) (92.5 %), and NN was the lowest with 63.8 % ( Table 2) . Most of paper mulberry died in TR and KC, and our visual observation confirmed vigorous growth and competition with weeds; the average survival rate of paper mulberry was significantly lower in TR and KC than in other sites (38.6 and 39.8 %, respectively). Table 2 shows the survival rate and total biomass of one-year old paper mulberry in eight sites. The average total biomass of RT was the highest (825.0 kg/ha) among B. papyrifera, NN, SS, and UN, the average total biomass of which were 783.9 kg/ha, 723.3 kg/ha, and 667.2 kg/ha, respectively, while the average total biomass of KZ (B.
kazinoki) was 1,147.7 kg/ha, much higher than all B. papyrifera. As far as the variation of total biomass of paper mulberry in different sites, average total biomass of KZ in PK was greatest with a yield of 2,353.8 kg/ha, followed by PR (1,915.0 kg/ha), KC (1,322.5 kg/ha), LP (1,316.3 kg/ha), respectively. On the other hand, the average total biomass of KZ in LO had the lowest yield of 410.0 kg/ha. The highest average total biomass of B. papyrifera (4 provenances) was recorded in PK (1,917.3 kg/ha), followed by KC (988.8 kg/ha), PR (834.4 kg/ha), and LP (704.4 kg/ha), respectively. The lowest average total biomass of paper mulberry (316.3 kg/ha) was recorded in CC. Table 2 , Figure 2 Figure 2 shows the differences among sites in total height (H) and diameter at soil surface (D 0 ) of paper mulberry for different provenances. Growth rate (H and D 0 ) of KZ was higher than the others in almost every site during the first year, except at TR, LO and KC where D 0 were lower. In the second year after the first cutting, though total height of KZ was still higher, D 0 was very low in every site.
Naturally, paper mulberry is intolerant to environments with bad drainage soil or flooded land (Udomchoke et al., 2001) .
Furthermore, paper mulberry is a light-demanding species and its seedling cannot compete with other faster growing weeds without help (Thammincha, 2001) . Based on the former reason, there might have been some adverse effects for TR and KC provenances, which were collected in an area with high precipitation (3,919 and 1,765 mm/yr) and high humidity (82 and 83 %, respectively). Moreover, the mortality rate of paper mulberry seedlings might be due to light intensity and biotic factors such as fungal attack, pest and diseases. According to the growth rate, the appropriate sites to grow KZ were PR, KC and PK. Among different provenances of B. papyrifera, collected from 4 places in Thailand (NN, UN, RT, SS), total height of SS and UN were high in every site except at CC and PR. D 0 values were also bigger for SS and UN than other provenances. For NN, though the growth in total height and D 0 was low in the first year, its growth increased rapidly in the second year.
Particularly, D 0 was higher than the others in almost every site. These results indicated that even though native species, SS, UN and NN, grew slower than KZ in the first year, in the long run, they may adapt to the environment better than KZ and therefore had higher growth rates. Table 3 Even though total biomass of paper mulberry was significantly affected by site and variety selection, it could not explain how much profit that the farmer receives. The main uses of paper mulberry, paper and Tapa cloth, are made of the inner bark of mulberry trees from Siam, Burma, Japan and the South Sea Islands (Dietrich, 1978) . Therefore, the biomass of the 
92.8
Note: SR = survival rate (%), TB = total biomass (kg/ha) Superscript shows the result of Duncan test at 95% confidence level. Table 2 . The survival rate and total biomass of one-year paper mulberry of 5 provenances in 8 study sites inner bark of paper mulberry indicates the potential profitability of each variety for the farmer. Table 3 compared the yield of inner bark of paper mulberry at the first and second year in different sites and provenances. Paper mulberry at the PK site provided the highest biomass of inner bark for every provenance: RT (171.3 kg/ha), KZ (137.5 kg/ha), NN (126.3 kg/ha), UN (95.0 kg/ha), and SS (92.5 kg/ha), followed by KC and PR (60.5 kg/ha). On the other hand, the biomass of paper mulberry inner bark at CC, TR, and LO were very low at 19.0 kg/ha, 25.8 kg/ha, and 23.0 kg/ha, respectively. As for the natural distribution of paper mulberry in Thailand, Phengklai and Khamsai (1985) reported that paper mulberry distributed along the riverbanks and the deciduous forest gaps in northern and northeastern Thailand, and it is rarely found in the southern part.
Based on growth and biomass data, paper mulberry grown at PK, located in the southern part, had higher productivity for every provenance, so other factors, such as soil characteristic and soil fertility, were evaluated in this study. We collected 
Soil physical properties
Soil texture is important for several reasons: it influences the penetration of plant roots, moisture storage capacity and establishes the rate of chemical reactions within the soil (Donald, 1976) . Soil texture in study sites varied by site and the soils' parent materials. At LO, PR, KC, LP sites, soils consisting of clay 40-45 % higher than other sites, 30-37 % sand, 15-20 % silt and were classified as clay and clay loam ( Table 4) . Soils at TR and CC, located in the eastern and central part, consisted of 48 -58 % sand, 23-37 % clay and 16-21 % silt and were classified as sandy clay and sandy clay loam, respectively. On the other hand, soils at the PK site near the seashore and the KK site with a parent material of alluviocoluvium from sandstone consisting of more than 80 % sand were classified as loamy sand. Among the eight sites, the value of bulk density, porosity, hydraulic conductivity (K) and the percentage of solid phase in soils were not significantly different.
The percentage of air phase was the highest for PK soil (32.7 and 36.2 % at 0 and 20 cm depth), followed by KC soil (23.5 and 21.7 % at 0 and 20 cm depth). On the other hand, the percentage of liquid phase was the lowest at PK (1.6 and 0.4 % at 0 and 20 cm depth), but it was the highest at KC (41.5 and 40.2 % at 0 and 20 cm depth). Table 4 , Figure 3 , Considering the total and inner bark biomass of paper mulberry, they were higher in PR, KC and PK with soil textures of clay, clay loam and sand, respectively. Thus, soil texture could not be the one of the most important factors affecting growth and yield of paper mulberry. Udomchoke et al. (2001) also found that a broad range of soils could support the growth of paper mulberry: sandy soils on high mountain, clayey soils in floodplain area, silty sand at the terrace terrain, sandy clay on rugged terrain of bare limestone, even sandy loam, loamy sand and sandy clay loam texture of hilly terrain areas. KC and LP soil had most balanced ratio of three phases. However, the analysis of variance (F-test) showed no significant differences among sites for all values of physical properties at 95 % confidence level ( = 0.05).
Soil chemical properties
Soil pH is very important when choosing a species for a new planting scheme (Moffatt and Buckley, 1995) . Among the eight study sites, pH varied from 5.6 to 6.9 (acid to slightly acid soils). Soil organic matter was also considered a factor affecting growth and yield of paper mulberry. The high content of soil organic matter greatly contributes to their ability to supply plants with cation nutrients (Burton et al., 1988) . Figure 4 shows the variation of soil organic matter content in the eight sites. The organic matter content in the KC soil was the highest (6.6 %), while it was 2.5 -3 % in LO, TR, LP and less than 2 % in KK, CC, PK and PR. The CEC value of soils is a general measure of plant nutrient availability and represents the total amount of cations that can be adsorbed by a kilogram of soil (Young, 1997) . CEC varied between 4.9 -24.5 cmol(+) kg -1 in the surface soils (0-20 cm) and 3.6 -19.9 cmol(+) kg -1 in the subsurface soils (20-40 cm). CEC in the KC soils was the highest at both soil depths (24.5 and 19.9 cmol(+) kg -1 ). Similarly, total carbon and total nitrogen content in the KC soil were the highest in both depths (49.83 and 28.05 g kg -1 of total carbon and 3.52 and 2.47 g kg -1 of total nitrogen). KC, PR, LP and LO soils had a large amount of exchangeable cations (Na, K, Ca, Mg), and PK soil showed an extremely high content of available phosphorus (P 2 O 5 ) of 44.24 mg kg -1 . On the other hand, KK soil showed very poor chemical properties; it was lowest in the amount of total carbon, total nitrogen and exchangeable cations, as shown in Figure 4 . The soil chemical properties are
given in Table 5 . Table 5 , Figure 4 Based on the soil fertility, every site could be utilized for agriculture without serious effort, except KK which has extremely poor soil fertility and has coarse textured loamy sand. As mentioned before, total biomass of paper mulberry was the highest in PK. In this site, the values of CEC and total carbon and nitrogen were low, but those of exchangeable Ca and 10.
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-6 ** 10. Sand, % Silt, % Clay, % available phosphorus were moderately higher than the other sites. Growth and yield at KC were greater than at the other sites due to the higher fertility and good physical characteristics. PR and LP soils also provided satisfactory growth rates and yields. The growth rate and yield at LO, CC and TR was significantly low, even though the amount of total carbon and total nitrogen was not so low compared with other sites, but the content of available phosphorus and exchangeable cations (Na, K, Ca, Mg) were low. Besides, high content of exchangeable aluminum (Al) at TR might affect growth and yield of paper mulberry. As a result, soil organic matter and available P are only two of the many possible key factors of growth and yield of paper mulberry. Table 6 During two years of cultivation of paper mulberry, we harvested 25 trees of paper mulberry in each plot, separated leaves, branches, stem, inner bark and outer bark, and weighed all parts. Sub samples were dried to obtain the moisture content. The allometric equations was established to predict the yield of paper mulberry using the diameter at ground level (D 0 ) and total height (H). The most important part is the inner bark for paper manufacturing, and therefore, allometric Table 6 .
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Correlation between the growth of paper mulberry and environmental factors
Only a few studies have shown the relationship between the growth of paper mulberry and environmental factors. Most of these studies confirmed that paper mulberry could grow in a wide range of environments. Udomchoke et al. (2001) found that paper mulberry could grow in a broad range of soils and can grow even in high elevations, i.e. at 1,800 m a.s.l. in Thailand.
However, cultivation of paper mulberry for paper manufacturing needs to attain better rates of growth and yield. Thus, the selection of suitable sites and environments should be considered when designing a paper mulberry plantation. Tajima et al. (2001) concluded that there was a relationship between paper mulberry growth performance and moisture regime, and that a phosphorus rich and neutral soil might yield higher total biomass. Our study showed that soil chemical properties affected growth and biomass of paper mulberry significantly. Margin (1958) recommended that the considerable uncertainties surrounding the recognition of productivity on the basis of soil characteristics and climate alone make it necessary to include the total plant yield for the assessment of site quality. Nevertheless, in agricultural site quality classification, a whole series of separate criteria based on edaphic and economic considerations is also used. However, site quality has been assessed until now solely on standing crop yields, and soil properties have been neglected. Among the correlations between growth of paper mulberry and soil environmental factors in Table 7 , soil pH value at 0-40 cm depth was significantly correlated with basal diameter and biomass, amount of exchangeable potassium and total carbon content in 0-20 cm of soil depth showed significant correlations with height, basal diameter and biomass. Similarly, exchangeable Ca and K contents were highly correlated with height and biomass. Available phosphorus content also showed significant correlations with height, basal diameter and biomass of paper mulberry. Even though overall soil physical properties did not affect the growth and biomass, percentage of solid phase was significantly correlated with survival rate, and permeability in surface soils was negatively correlated with survival rate. Other soil properties, which were not shown in Table 7 , had no correlation with survival rate and growth of paper mulberry. According to these correlations, multiple regression (stepwise method) was used to predict the survival rate, height, basal diameter, total biomass and inner bark biomass of paper mulberry in various sites base on soil properties. The predictive equations are as follows: Table 7 Table 8) . Total biomass of B. kazinoki (6,914.7 kg/ha) was higher than B. papyrifera (5,668.6 kg/ha) after one year, but results for the biomass of the inner bark (which is the most important part economically) showed a reverse trend. Inner bark yield of B. papyrifera was 327.1 kg/ha higher than B. kazinoki (308.5 kg/ha). Statistical analysis, however, showed no significance in the differences of growth and biomass of both species. According to the soil properties in Table 9 , there are some differences between two experiment plots even though they were adjacent. Soil pH in the B. papyrifera plot was much lower than that in the B. kazinoki plot. Exchangeable Ca, base saturation percentage (BS) and available phosphorus were also different between the two plots. Available phosphorus (P) at both soil depths (0-20, 20-40 cm) in the B. kazinoki plot was much higher than that in the B. papyrifera plot. As for the tree growth rate and biomass, there were no significant differences except in stem biomass and the inner bark biomass of B. papyrifera, which were higher than those of B. kazinoki.
It can be concluded then, that the difference in soil pH, BS, and available P might affect growth and total biomass of paper mulberry, but does not effect inner bark biomass, due to the higher inner bark biomass of B. papyrifera in soils which pH, BS and available P are low. Table 8,Table 9 Spacing trial
In the 1 x 1 m plot, tree density was 10,000 trees/ha. The average D 0 in the 1x1 m, 1x2 m, 2x2 m, 2x4 m and 4x4 m plots were 2.6 cm, 2.6 cm, 3.2 cm, 4.1 cm, 4.9 cm, respectively in the 1 st year, and 2.8 cm, 2.7 cm, 3.6 cm, 4.1 cm, 5.1 cm, respectively in the 2 nd year. The survival rate of all spacing was high (over 80 %) in both years, and the average height was between 1.8 -2.6 m. Planting density did not affect the survival rate of paper mulberry in these two years, as shown in Table   Maliwan Max.
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Avg.
Max.
Min.
Min. 10. There was also no effect on tree height. On the other hand, diameter at soil surface (D 0 ) varied with spacing; the growth rate in the narrow spacing was lower than that in the wide spacing due to higher competition for nutrients and light. At any given age, trees widely spaced are larger in diameter and have greater taper, thicker branches, and crowns that are both deeper and wider than trees in densely stocked stands (Eversole, 1955) . Table 10 The total biomass was the biggest in the narrowest spacing (1x1 m), and was the smallest in the 2x4, 4x4 m spacing plot. Therefore, the planting density was one of the most important factors for the yield of paper mulberry, especially inner bark yield. In addition, the differences in total production resulting from variations in spacing depends on the length of time needed for the new stand to achieve full occupancy of the site. Therefore, the gross production of wood by stands planted at close spacing is usually greater than that of those planted at wide spacing (Satoo et al., 1955) . Based on our experiment, the 1x1 m spacing is the best for growing paper mulberry (Table 11) . Table 11 CONCLUSION According to this study, soil fertility had a significant effect on the growth rate and productivity of paper mulberry. Oldeman (1990) pointed out that every producing, living system depends upon its inputs from the environment: the higher the inputs, the higher the production. Soil texture does not seem to be an important factor for paper mulberry growth and yield, while based on the three phases analysis, percent of solid phase was significantly correlated with survival rate. Clay loam and loamy sand soil with high organic matter in KC, PR and PK were most suitable for paper mulberry plantation. SS and NN, among the 5 provenances, are recommended to be planted in the northern part, where the topography is mountainous with steep slopes. UN and RT provenances are recommended to be grown on flat lands with good drainage. Comparing the two species B. papyrifera and B. kazinoki, B. papyrifera provided a higher total and inner bark biomass than B. kazinoki, with the same growth rates. Consequently, for expanding paper mulberry plantations, B. papyrifera is recommended. The number of trees (plant density) had an important effect on biomass, especially, the inner bark biomass. Therefore, narrow spacing (1x1 m) is recommended in plantations, because of the highest biomass per unit area produced using this spacing. However, further investigation is needed concerning plantation management, insect and disease control on the plantations, improvement of the quality of paper mulberry (genetic engineering and quality of bast fiber) etc. It may be possible to grow paper mulberry in agroforestry systems and use it as a rehabilitation species on degraded lands. Fahrney et al. (1997) reported successfully planting paper mulberry in swidden rice fields and fallows in northern Laos, because of its attribute, which services both productivity and environmental friendly. However, it is still necessary to conduct more research on the effectiveness of paper mulberry in agroforestry systems. 
